ABSTRACT Antiretroviral therapy (ART) inhibits HIV-1 replication, but the virus persists in latently infected resting memory CD4 ؉ T cells susceptible to viral reactivation. The virus-encoded early gene product Tat activates transcription of the viral genome and promotes exponential viral production. Here we show that the Tat inhibitor didehydro-cortistatin A (dCA), unlike other antiretrovirals, reduces residual levels of viral transcription in several models of HIV latency, breaks the Tat-mediated transcriptional feedback loop, and establishes a nearly permanent state of latency, which greatly diminishes the capacity for virus reactivation. Importantly, treatment with dCA induces inactivation of viral transcription even after its removal, suggesting that the HIV promoter is epigenetically repressed. Critically, dCA inhibits viral reactivation upon CD3/CD28 or prostratin stimulation of latently infected CD4 ؉ T cells from HIV-infected subjects receiving suppressive ART. Our results suggest that inclusion of a Tat inhibitor in current ART regimens may contribute to a functional HIV-1 cure by reducing low-level viremia and preventing viral reactivation from latent reservoirs. 
IMPORTANCE Antiretroviral therapy (ART) reduces HIV-1 replication to very low levels, but the virus persists in latently infected memory CD4 ؉ T cells, representing a long-lasting source of resurgent virus upon ART interruption. Based on the mode of action of didehydro-cortistatin A (dCA)
, a Tat-dependent transcription inhibitor, our work highlights an alternative approach to current HIV-1 eradication strategies to decrease the latent reservoir. In our model, dCA blocks the Tat feedback loop initiated after low-level basal reactivation, blocking transcriptional elongation and hence viral production from latently infected cells. Therefore, dCA combined with ART would be aimed at delaying or halting ongoing viral replication, reactivation, and replenishment of the latent viral reservoir. Thus, the latent pool of cells in an infected individual would be stabilized, and death of the long-lived infected memory T cells would result in a continuous decay of this pool over time, possibly culminating in the longawaited sterilizing cure.
A ntiretroviral therapy (ART) has significantly improved the health and quality of life of many individuals infected with HIV-1. However, ART fails to permanently eradicate the virus. Stable reservoirs composed of latently infected resting memory CD4 ϩ T cells harbor an integrated form of the HIV genome that, in the absence of ART, can reignite active replication (1) (2) (3) (4) . The long half-life of latently infected cells appears to be mainly responsible for HIV persistence in individuals receiving ART (5, 6) . In addition to these latently infected cells, HIV may still persist through ongoing viral replication in subjects on suppressive ART (7) (8) (9) , although this mechanism of viral persistence remains controversial (10, 11) . Residual viremia is thought to be a major contributor to inflammation and other HIV-associated complications, leading to cardiovascular and neurological diseases (12) .
Unfortunately, ART intensification does not seem to reduce the size of the viral reservoir nor inhibit residual viremia (13, 14) .
The early virus-encoded gene product Tat is required for robust transcription of the integrated viral genome by RNA polymerase II (RNAP II) (15, 16) . Tat binds the 5= terminal region of the HIV mRNA stem-bulge-loop structure transactivation response element (TAR) and recruits the positive transcription elongation factor B (P-TEFb), composed of cyclin T1 and cyclindependent kinase 9 (CDK9), to promote transcriptional elongation from the viral promoter (5=-long terminal repeat [5=-LTR]) (17) (18) (19) .
In resting CD4 ϩ T cells, HIV-1 is maintained in a latent state by several mechanisms. These include low levels of Tat (20, 21) or active P-TEFb (22) , the exclusion of cellular transcription factors such as nuclear factor B (NF-B) and nuclear factor of activated T cells (NFAT) from the nucleus (23, 24) , the presence of repressors CBF-1 and YY1 (25, 26) , lower levels of intracellular deoxynucleoside triphosphate (dNTP) pools (27, 28) , as well as transcriptional interference (29) . The viral promoter activity is directly governed by its chromatin environment (30) . Nucleosomes are precisely positioned at the HIV-1 promoter. Nucleosome-1, downstream from the transcription start site, directly impedes activity of the 5=-LTR (31) . Moreover, additional transcriptional initiation blocks are imposed by specific epigenetic chromatin modifications at nucleosomes on the 5=-LTR, notably, deacetylation and methylation of histone N-terminal tails (32) . DNA methylation of CpG islands within the HIV 5=-LTR has also been associated with HIV-1 latency, but it likely enhances silencing of already-latent viruses rather than contributing to entry into latency (33) . Furthermore, recent studies did not confirm the previous findings and rather supported the absence of a role of DNA hypermethylation in the maintenance of latency (34, 35) .
Transcriptional reactivation is accompanied by changes in the local chromatin structure, which is accomplished by recruitment via Tat of chromatin remodeling factors such as SWI/SNF (36, 37) and histone acetyltransferases, such as CREB binding protein (CBP) and p300 (38) , p300/CBP-associated factors, and the histone acetyltransferase hGCN5 (37, (39) (40) (41) (42) (43) , which can reverse the effects of histone deacetylation. Tat may also induce nuclear translocation of NF-B p50/p65 (44) . In sum, even though much progress has been made toward the understanding of latency, transcriptional silencing is a multifactorial phenomenon, and these mechanisms in vivo are still incompletely understood.
Tat is an attractive target for therapeutic intervention, because it is expressed early during virus replication and it has no cellular homologs. Moreover, direct inhibition of Tat blocks the feedback loop that drives exponential increase in viral transcription and the production of viral particles (45) . There is evidence that latently infected cells, as opposed to productively infected CD4 ϩ T cells, accumulate Tat-deficient viruses with impaired reactivation abilities (46) . These results suggest that blocking Tat activity might help block viral reactivation and maintain the virus in a state of prolonged silencing.
While dependence of HIV transcription on Tat has made it a highly sought-after drug target, no therapeutic agents are currently available in the clinic to inhibit this viral protein (47) . We have recently characterized didehydro-cortistatin A (dCA), an analog of the natural product cortistatin A, that potently and selectively inhibits Tat transactivation of the HIV promoter by specifically binding to the TAR-binding domain of Tat (48) . dCA reduces cell-associated HIV-1 RNA and capsid p24 antigen production in both acutely and chronically infected cells. In primary CD4 ϩ T cells isolated from viremic individuals, dCA presents an additive effect with other antiretrovirals (ARVs) (48) . To our knowledge, dCA is the most potent Tat inhibitor described to date, blocking HIV transcription at subnanomolar concentrations without cell-associated toxicity.
Our working hypothesis is that dCA, by inhibiting Tat activity and the residual HIV transcription commonly observed in various cell line models of latency, as well as in CD4 ϩ T cells from ARTtreated subjects (49) , could promote and maintain a prolonged state of latency highly refractory to viral reactivation. As a result, ongoing viral transcripts and reactivation events that could replenish the viral reservoir would be significantly reduced, potentially curtailing the time for the elimination of the reservoir.
Here we show that dCA efficiently inhibits viral reactivation mediated by a protein kinase C (PKC) agonist or upon antigenic stimulation of primary latently infected cells isolated from individuals receiving suppressive ART. We also demonstrate that dCA, unlike ART, can reduce the low, but persistent, cellassociated HIV-1 RNA production in several cellular models of latency by reducing RNAP II recruitment to the HIV promoter. As a result, these cells become refractory to viral reactivation by several well-characterized antilatency agents (histone deacetylase [HDAC] inhibitors, PKC activators, and cytokines). Importantly, discontinuation of dCA treatment does not result in viral rebound, as the promoter is transcriptionally shut off and epigenetic modifications most likely block RNAP II recruitment to the HIV promoter. Finally, and as expected, latent cell lines containing virus with either mutated TAR or Tat are insensitive to dCA treatment.
RESULTS
dCA blocks viral reactivation in CD4 ؉ T cells isolated from virally suppressed patients upon T-cell receptor engagement. Transcriptionally silent proviruses can be induced by stimuli such as gamma-c cytokines or antigenic stimulation through the T-cell receptor (TCR) (50) (51) (52) . These stimuli activate PKC and Ca 2ϩ -calcineurin pathways, resulting in nuclear translocation of NF-B and NFAT (53, 54) . We sought to determine whether dCA could block viral reactivation upon stimulation of latently infected CD4 ϩ T cells isolated from nine aviremic subjects treated with ART for at least 3 years. In an effort to assess the effect of dCA on latency, we selected patient samples that did not display detectable levels of spontaneous viral production when cultured in vitro but which robustly released virus upon antigenic stimulation. CD4 ϩ T cells were maintained with ARVs at all times, to avoid spreading of the infection. Using an ultrasensitive quantitative reverse transcription-PCR (RT-qPCR) assay, we measured viral genomic RNAs associated with viral particles upon stimulation with anti-CD3/CD28 antibodies in the presence of ARVs with or without 100 nM dCA (Fig. 1 ). Under these strong virus-reactivating conditions, dCA potently blocked viral reactivation in latently infected cells from the nine patient samples tested. The average percent inhibition of all 9 samples was 92.3%, and individual inhibition levels ranged from 55.4% to 100%. Thus, dCA can potently inhibit viral reactivation in latently infected CD4 ϩ T cells isolated from ART-suppressed HIV-infected subjects.
dCA represses residual HIV-1 transcription and production in cellular models of HIV latency. None of the existing cell line models accurately reflects the HIV latency observed in quiescent CD4 ϩ T cells from HIV-infected individuals (55) . This is in part because latency is established by a combination of events, including variation in the levels of transcription factors and dNTPs, as well as the location and sense of proviral integration, among others. This multitude of factors may vary between latently infected CD4 ϩ T cells, resulting in different residual viral transcriptional activities. Moreover, cell lines used in vitro are not quiescent and are often transformed to maintain their immortality. Notably, HIV latency models derived from primary cells using clonal tissue culture-adapted virus have shown largely divergent results upon stimulation (55) , demonstrating the difficulty of recapitulating latency in vitro. Nonetheless, the available in vitro models have proven useful to understand several aspects of HIV latency. Therefore, we next investigated dCA's impact on the residual levels of HIV transcription commonly detected in several latently infected cell lines and whether dCA could achieve complete transcriptional silencing.
We first tested the effect of dCA in a population of HeLa-CD4 cells latently infected with the HIV-1 isolate NL4-3, a cell population which we developed in the laboratory and that is characterized by very low levels of virus production. We treated these cells for a period of 239 days with 100 nM dCA or dimethyl sulfoxide (DMSO) ( Fig. 2A, left panel) . Residual levels of HIV-1 p24 antigen production were monitored in the supernatant via an enzymelinked immunosorbent assay (ELISA). In the presence of dCA, we observed a continuous reduction in the levels of p24 release to below the limit of detection of the assay (3.1 pg/ml) by day 82. dCA, but not other ARVs (200 nM lamivudine, 200 nM raltegravir, and 100 nM efavirenz), reduced residual levels of viral production, as ARVs act on new infections but have no effect on residual transcription from already-integrated genomes (see Fig. S1A in the supplemental material). The marked reduction in viral production suggested that dCA lowered equilibrium concentrations of Tat protein and/or promoted epigenetic modifications, resulting in a state of transcriptional repression and latency (56, 57) . Upon day 97, HIV expression remained undetectable in dCAtreated cells, even when the dCA concentration was reduced to 10 nM (day 118) (Fig. 2A, left panel) . Using RT-qPCR targeting the vpr gene, we confirmed that viral mRNA expression in dCAtreated cells (day 239) was drastically reduced (97%) from that in DMSO-treated control cells ( Fig. 2A, right panel) . dCA was not toxic or cytostatic at the concentrations used (see Fig. S1B ) (48) .
Upon ART interruption, HIV viremia rebound occurs in all but exceptional cases (58) . We posit that dCA represses HIV transcription and promotes a closed chromatin environment at the HIV promoter. To address this possibility, we assessed whether HIV replication resumed upon dCA withdrawal in HeLa-CD4 cells or if the repressed chromatin limited viral reactivation. An early dCA treatment stop (TS) was performed at day 24 (TS1), when virus production was still detectable by p24 ELISA (Fig. 2A,  left panel) . During the first 50 days after TS, HIV production was similar to that in dCA-treated cells. However, virus production rebounded at day 66 to levels similar to those of control cells. In contrast, treatment discontinuation at day 103 (TS2), when viral production was undetectable, did not lead to viral rebound and viral production remained below the limit of detection for over 4 months ( Fig. 2A, left panel) . Of note, no residual traces of dCA were observed by liquid chromatography-mass spectrometry in HeLa-CD4 cell extracts passaged 3 or 11 times upon drug withdrawal (see Fig. S1C in the supplemental material). Altogether, these results suggest that the long-lasting inhibitory effects of dCA on virus production are likely due to epigenetic transcriptional repression, as no viral transcripts were produced after removal of the drug.
To verify that long-term treatment with dCA had not simply positively selected for uninfected HeLa-CD4 cells, we determined the number of integrated proviruses by Alu-PCR followed by qPCR at days 0, 129, 178, and 194 of culture (see Fig. S1D in the supplemental material). Interestingly, we observed a higher number of integrated proviruses in dCA-treated latent cells than in DMSO-treated controls. This result may be explained by negative selection of cells with multiple viral integration events. In contrast, in dCA-treated cells, the absence of proviral expression would bypass this counterselection and allow survival of cells with multiple integrated proviruses. Nevertheless, these results confirmed that dCA-treated cells contain integrated provirus, and the lack of virus production is due to a loss of transcription and not to a loss of infected cells.
The drastic reductions in virus production and viral transcription were also confirmed in well-characterized cell line models of latency, such as the promyelocytic OM-10.1 (59) and the J-Lat T-lymphocytic (60) cell lines (Fig. 2B, C, and D) . OM-10.1 cells carry a competent provirus, while J-Lat cells harbor an HIV-1 genome with a frameshift mutation in env that renders them tran-scriptionally competent but replication incompetent. Similar to latently infected HeLa-CD4 cells, treatment of OM-10.1 cells for 226 days with 10 or 100 nM dCA in the presence of ARVs reduced p24 production to close to the assay's limit of detection (Fig. 2B , left panel). Consistently, viral mRNA levels were reduced by 98% at day 197 (Fig. 2B, right panel) . As expected, in the OM-10.1 model, the number of integrated proviruses was not affected by the long-term treatment with dCA combined with ARVs (see Fig. S2A in the supplemental material). In J-Lat clones 6.3 and 10.6, dCA treatment resulted in similar effects as in HeLa-CD4 and OM-10.1 cells, as demonstrated by the reduction in p24 and viral mRNA production by 10 nM dCA during the shorter 18-day treatment period (Fig. 2C and D) . dCA was not toxic or cytostatic in any of the tested cell lines (see Fig. S2B and C) . Altogether, our results demonstrated the ability of the Tat inhibitor dCA to induce transcriptional silencing in several cell line models of HIV latency.
dCA treatment results in loss of RNAP II recruitment to the HIV promoter. To confirm that transcriptional inhibition was at the root of the dCA-mediated block of viral mRNA production in HeLa-CD4 cells, we performed chromatin immunoprecipitation (ChIP) to RNAP II followed by RT-qPCR to measure transcriptional initiation (nucleosome 0 [Nuc-0], promoter [Pro] , and Nuc-1 amplicons) and elongation (Vpr amplicon) (Fig. 3) . As controls for RNAP II recruitment, we used tumor necrosis factor alpha (TNF-␣) to activate the vehicle cells and ␣-amanitin to inhibit RNAP II activity ( Fig. 3B and C) . Recruitment of RNAP II during transcription initiation was reduced 2-fold upon dCA treatment, while the occupancy of RNAP II on the GAPDH promoter or open reading frame (ORF) was unchanged by dCA ( Fig. 3B and C). Transcriptional elongation (vpr) was reduced by 80% in dCA-treated cells, demonstrating that blocking Tat activity further reduces transcription in latent cells already expressing few viral transcripts (Fig. 3B ). In this particular latently infected model, TNF-␣ activation induced a 2-fold increase in the levels of p24 production (see Fig. S3 in the supplemental material), which was paralleled by a similar increase in RNAP II recruitment at the LTR, as determined by ChIP (Fig. 3B) . As a control, we used the RNAP II inhibitor ␣-amanitin and, as expected, the drug inhibited RNAP II recruitment at all positions ( . Latently infected HeLa-CD4 cells were treated with DMSO control or dCA for 239 days (100 nM dCA used from 0 to 118 days and then at 10 nM afterward). dCA treatment was stopped at day 24 (TS1) and day 103 (TS2). TS, treatment stop. Capsid p24 in the supernatants was assayed in an ELISA (detection limit, 3.1 pg/ml). Data are representative of two independent experiments (right panel). For analysis of viral mRNA expression, cDNAs from total RNA extracted at day 239 were quantified by RT-qPCR using primers to the Vpr region. Results were normalized as number of viral mRNA copies per GAPDH mRNA. Viral mRNA generated in the DMSO control was set to 100%. . Cells were split and treated on average every 3 days with or without 10 nM dCA. Capsid production was quantified via a p24 ELISA, and results for the DMSO controls were set to 100%. Data are reported as means Ϯ SD of two or three independent experiments, respectively. Significant effects of dCA (****, P Ͻ 0.0001) and time (****, P Ͻ 0.0001) were determined by a two-way repeated-measures ANOVA with Bonferroni correction post hoc (n ϭ 3 per group) (right panels). dCA inhibited viral transcription in J-Lat clones. Viral mRNA levels (day 9) were quantified, normalized, and are reported as described for panel A, using Gag-Pol primers. Data are representative of two independent experiments.
genome, including one in the U3 region of the LTR and another just downstream of the LTR (61). Hypermethylated CpG islands in the HIV promoter have been associated with latency (33, 62) . We therefore investigated whether proviruses from dCA-treated cells were silenced by CpG methylation (see Fig. S4 in the supplemental material). HeLa-CD4 cells treated with DMSO or dCA ( Fig. 2A ) and acutely infected cells were treated with bisulfite. This method characterizes the DNA methylation status by deamination of unmethylated cytosines into uracil. The resulting DNA was amplified, cloned, and sequenced. In this HeLa-CD4 model, DNA methylation of the 5=-LTR did not seem to contribute to dCAmediated transcriptional silencing of the provirus (see Fig. S4 ), in agreement with the growing evidence that DNA hypermethylation is not required for latency maintenance (34, 35) . Long-term treatment with dCA induces viral latency not susceptible to conventional latency-reversing agents. Next, we asked whether long-term treatment with dCA would render latently infected HeLa-CD4 cells resistant to viral reactivation. Since these cells do not have TCRs for viral activation, phorbol myristate acetate (PMA) and ionomycin (iono), which activate the PKC pathway and promote transcription via NF-B (63, 64), were used to reactivate HIV ( Fig. 2A) . A 5-fold increase in p24 release was observed following 24 h of PMA-iono treatment under the control conditions; in contrast, no detectable viral activation was observed in cells that were previously exposed to dCA (Fig. 4A ). To further ascertain whether the HeLa-CD4 cells grown for a long period of time in DMSO or dCA were equally responsive to PMAiono, we analyzed interleukin-1␤ (IL-1␤) mRNA production by qPCR, as this cellular gene is activated by NF-B (65) . No difference in susceptibility to PMA-iono activation was observed between either group of long-term-treated cells (DMSO versus dCA) and the uninfected HeLa-CD4 cells (see Fig. S5A in the supplemental material). Similarly, activation of the mitogenactivated protein kinases (MAPKs) triggered by PKC activation (66) was unaffected, as both MEK1/2 and extracellular signal- regulated kinases 1 and 2 (ERK1/2) were phosphorylated equally well under the two conditions (see Fig. S5B ).
To demonstrate that the integrated provirus in HeLa-CD4 cells treated long term with dCA were transcriptionally competent but incapable of reactivation due to the lack of Tat activity mediated by dCA, a plasmid harboring the Tat gene or the corresponding empty vector (Fig. 4B ) was transfected into control or long-termtreated dCA cells. In control cells, the plasmid produced Tatreactivated viral production well above the normal basal level (approximately 2 logs). When the Tat-carrying plasmid was transfected in long-term dCA-treated cells, in the presence or absence of dCA we observed a similar robust level of viral reactivation in both cases, indicating that latent provirus expression can be rescued by large amounts of Tat. The presence of the Tat inhibitor only decreased by 2-fold the reactivation, suggesting that an excess of the overexpressed Tat overrides dCA function. Unexpectedly, within 17 days viral production from the long-term dCA-treated cells returned to below the limit of viral detection even in the absence of dCA, suggesting that the mechanisms involved in the maintenance of dCA-mediated latency are long lasting and not easily circumvented. To determine whether the HIV NL4-3 produced in response to Tat stimulation remained replication competent and that dCA-mediated latency was not just simply the result of the accumulation of impairing mutations over time, we used the supernatants from both DMSO-and dCAtreated cells activated by Tat and cultured the released viruses. Viruses produced from these newly infected HeLa-CD4 cells replicated in vitro and could be inhibited by 10 nM dCA (see Fig. S5C in the supplemental material). Proviral DNA from the DMSOand dCA-treated samples (from day 178) were sequenced and aligned to the HIV-1 NL4-3 reference sequence and this revealed only three unique mutations in the dCA-induced latent virus sequence (see Fig. S5D ). This limited mutation profile is characteristic of chronically infected cells, in which rates of replication are low. Two of these mutations, one in a noncoding region (G771A) and one encoding a K314R change, are not known to impair HIV replication. A third mutation, S173A in the Gag region, is rare (5% of subtype B virus) and known to be compensatory for Gagspecific CD8 ϩ T-lymphocyte response escape mutant R264K (67) . Together, our results demonstrated that the potent PMA-iono stimulus was not sufficient to reactivate viral production in HeLa-CD4 cells treated with dCA, but that viral production could be rescued by exogenous Tat production. Furthermore, we did not identify mutations that would impair the fitness of the latent virus, indicating that transcriptional inhibition established by long-term treatment with dCA results from loss of Tat activity and not from positive selection of proviruses incompetent for replication.
Both TNF-␣ and the PKC agonist prostratin trigger the NF-B pathway and activate HIV transcription (68, 69) . HDAC inhibitors, such as suberoylanilide hydroxamic acid (SAHA), are known activators of HIV production in latently infected cell lines and primary cells (70) . To substantiate the results found with HeLa-CD4 cells, OM-10.1 cells (illustrated in Fig. 2B) were stimulated with SAHA, TNF-␣, or prostratin in the presence of ARVs and either DMSO or 100 nM dCA (Fig. 5A) . Similarly, J-Lat cells were activated in the presence of DMSO or dCA at 100 nM ( Fig. 5B and  C) . Viral reactivation by all stimulators was potently blocked when dCA was present, by 78 to 97% in OM-10.1 cells (Fig. 5A ), 74 to 78% in J-Lat clone 10.6 cells (Fig. 5B) , and 88 to 90% in J-Lat clone 6.3 cells (Fig. 5C) . Together, our results demonstrate that dCA inhibits viral transcription from several cell line models of latency by establishing a long-lasting state of latency refractory to viral reactivation by standard latency-reversing agents (LRAs; HDAC inhibitors, PKC activators, and cytokines).
Latent cell lines containing Tat/TAR-deficient proviruses are insensitive to dCA. To confirm that dCA inhibits HIV-1 transcription in a Tat-dependent manner, we took advantage of the ACH-2 (T-lymphocyte) (71, 72) and U1 (promonocyte) (73) cell lines that contain proviruses that are, respectively, TAR or Tat deficient. The provirus in ACH-2 cells contains a C37T point mutation in TAR that renders the provirus insensitive to Tat activation (74, 75) . U1 cells carry two proviruses, with suboptimal levels of Tat activity; one lacks the Tat ATG initiation codon, and the other contains an H13L mutation in Tat that impairs the recruitment of P-TEFb (74, 76, 77) . The Tat/TAR deficiency in these cell lines is responsible for their latent phenotype, which manifests as a predominance of nonprocessive viral transcripts (78, 79) . In these Tat/TAR-restricted environments, dCA had no effect on viral mRNA production and only a modest impact on p24 production in ACH-2 and U1 cell lines treated for 33 and 38 days, respectively ( Fig. 6A and B) . As with other cell lines, no dCA toxicity or cytostatic effects were detected (see Fig. S6 in the supplemental material).
ACH-2 and U1 were then grown for 15 days in the presence of ARVs and DMSO or 10 nM dCA and stimulated with SAHA, prostratin, or TNF-␣ at days 9 and 15, followed by quantification of p24 antigen in supernatants (Fig. 6C and D) . As expected, the reactivation of ACH-2 or U1 cells by all activators was only very modestly inhibited by dCA (between 21 and 44% reduction) ( Fig. 6C and D) . The origin of the small effect of dCA on the U1 cell line may be explained by the inhibition of the residual transcriptional activity of the mutated Tat, which still possesses an intact basic domain, the binding site for dCA (48) . Moreover, in both U1 and ACH-2 cells, dCA may inhibit other functions of Tat that enhance HIV transcription, such as the recruitment by Tat of chromatin remodeling factors, e.g., SWI/SNF, an interaction mediated by the acetylated lysine 50 at the Tat basic domain (36, 37, 39) . Finally, it cannot be ruled out that dCA may have Tat/TARindependent effects. However, we previously demonstrated via an LTR reporter assay that, in the absence of Tat, dCA does not interfere with basal transcription nor with the activation pathway mediated by NF-B when stimulated with TNF-␣ or PMA (48) . Altogether, our results demonstrate that dCA can block viral reactivation from latently infected cells with competent Tat/TAR activity and has only limited activity when the Tat feedback loop is impaired.
dCA treatment limits viral rebound and reactivation in expanded primary CD4 ؉ T cells derived from infected individuals. In Fig. 1, we show that viral rebound after antigenic stimulation was reduced by dCA treatment ex vivo of primary CD4 ϩ T cells. In order to test the hypothesis that dCA treatment can prevent viral rebound upon ART termination in primary cells, we used in vitro-expanded primary CD4 ϩ T cells from virally suppressed HIV-infected individuals. CD4 ϩ T cells were initially expanded from two subjects (subjects A and B in Fig. 1 ) in the presence of IL-2, phytohemagglutinin (PHA), "feeder cells," or with ARVs alone or ARVs together with dCA. From day 7 on, CD4 ϩ T cells were cultured in the presence of IL-2 and ARVs or with ARVs and dCA (Fig. 7A) , and viral production was monitored by an ultrasensitive RT-qPCR every 7 days. In the expanded cells model, viral production usually decreased to low or undetectable levels by day 22 (see Fig. S7A in the supplemental material). To measure HIV rebound after treatment interruption in vitro, cells were washed at day 22 and kept with or without ARVs, in the presence of absence of dCA. Viral genomic RNA in the supernatant was measured 6 days later. In the presence of ARVs with or without dCA, no or low-level viral production was observed in cells from both subjects (Fig. 7B) . When all drugs were removed, viral rebound was readily observed in CD4 ϩ T cells previously expanded in ARVs, but it was dramatically reduced in CD4 ϩ T cells previously expanded in the presence of dCA (magnitude of the rebound of ARVs versus ARVs plus dCA cell lines, 93.5% and 93.1% for cells A and B, respectively) (Fig. 7B ). The ARVs with or without dCA treatment did not affect the viability of the expanded CD4 ϩ T cells (see Fig. S7B ).
Using these expanded primary cell models, we also assessed whether long-term treatment with dCA impacted viral reactivation. Therefore, at day 22, cells were activated with the PKC activator prostratin. Culturing the cells in the presence of dCA dramatically inhibited prostratin-mediated reactivation by more than 99.9% in both expanded cells (Fig. 7C) . These results further support results obtained in Fig. 1 that show cells from subjects A and B drastically suppressing reactivation by anti-CD3/CD28 antibodies.
Collectively, our results show that a long-term in vitro treatment of primary CD4 ϩ T cells with the Tat inhibitor dCA establishes a state of latency that renders the provirus almost incapable of reactivation. Thus, treatment with dCA establishes a state of transcriptional repression resulting in potent abrogation of viral reactivation from latency, even when drugs are withdrawn, implicating long-lasting repression of HIV promoter activity.
DISCUSSION
Our findings provide a proof of concept that a small-molecule Tat inhibitor, such as dCA, can potently inhibit residual HIV-1 levels of viral transcription in latently infected cells and block events of Fig. 2B ) were activated in the presence of ARVs with SAHA or TNF-␣ for 24 h or prostratin (pros) for 9 h, plus 100 nM dCA for the dCA-treated cells. Supernatant was collected at the end of the activation period and analyzed in a p24 ELISA. Data are presented as means Ϯ SD of two independent activation experiments performed at days 219 and 226 post-dCA treatment (n ϭ 5). (B and C) dCA inhibits viral reactivation from J-Lat 10.6 and 6.3 clones. At day 0, these clones were activated with SAHA, TNF-␣, or prostratin in the presence or absence of 100 nM dCA for 24 h. SAHA was not able to activate J-Lat 6.3 above the limit of detection of the assay. Viral production was analyzed and is presented as described for panel in A, as means of two independent activation experiments (n ϭ 4). Percentages represent the percent inhibition. The two-tailed paired t test was used for statistical comparisons. ND, not detectable. viral reactivation. We have shown in several latently infected cell lines (Fig. 2) , as well as in primary cells derived from HIV-infected individuals (Fig. 7) , that dCA establishes a state of latency with an extremely impaired ability to reactivate. This state is characterized by a significant inhibition of an already low level of residual transcription, which results in a marked reduction in viral mRNA levels. Furthermore, given the transcription-repressed nature of the promoter following dCA treatment, viral reactivation becomes extremely inefficient (Fig. 4 and 5) . Indeed, in latently infected primary CD4 ϩ T cells isolated from nine HIV-infected subjects on suppressive ART, dCA reduced an average of 92.3% of the robust viral reactivation initiated by anti-CD3/CD28 stimulation ( Fig. 1) . We speculate that weaker stimulation of the type that latently infected cells would encounter in vivo would be inhibited to a greater extent by dCA. Given the difficulty to perform biochemical studies with primary cells, especially when the ratio of latently infected cells is approximately 1 per 10 6 uninfected cells (6), we do not yet have direct evidence that the promoter upon dCA exposure is epigenetically repressed. However, because of the different lines of evidence, such as the lack of RNAP II recruitment to the HIV promoter and ORF (Fig. 3) , lack of viral rebound upon dCA discontinuation ( Fig. 2A) , and blocked reactivation (Fig. 1, 4 , 5, and 7), it appears that access to the promoter is altered, implicating epigenetic modifications. There are two possible mechanisms by which dCA exerts its effect: (i) dCA simply accelerates the establishment of typical proviral latency by facilitating the corresponding epigenetic modifications; (ii) because dCA blocks a subset of the multiple Tat activities, it may result in unique epigenetic changes. For example, dCA may block binding of Tat to SWI/SNF (36), p300 (43) , or C/EBP (80), dependent on Tat's basic domain, but not P-TEFb (18), hGCN5 (41), PP1 (81), or DNA-PK (82), which bind to other regions of Tat and are all involved in chromatin remodeling or transcriptional activity. In future studies it will be important to describe which of these possibilities accounts for dCA's suppression of reactivation.
HIV-1 lacking Tat undergoes some basal transcription, but it does not sustain a spreading infection (83) . Early studies have shown that Tat-deficient mutants are frequently observed in peripheral blood mononuclear cells (PBMCs) isolated from infected individuals (84, 85) and that latently infected CD4 ϩ T cells from subjects on ART are enriched for HIV-1 variants with impaired Tat activity (46) . It has been speculated that a cause for entrance into latency results from low levels of P-TEFb and the presence of Tat mutants that still retain partial transcriptional activity to various extents, and therefore could be subject to stochastic reactivation (77) . Moreover, an in vitro study showed that infected Jurkat cells overexpressing wild-type Tat had significantly fewer latent proviruses than regular infected Jurkat cells (86) . Finally, a recent and very elegant study demonstrated that the Tat feedback loop is sufficient to regulate the passage from active viral production to the entrance into latency, independently of the CD4 ϩ T cell activation state (45) . Additionally, the study showed that Tatmediated reactivation from latency was 300% more efficient than that triggered by cellular activation. Together, these results argue that the use of Tat inhibitors would only benefit current therapy strategies by rendering Tat inefficient, provoking entrance of the provirus into a prolonged transcriptional silencing, preventing viral rebound, and maintaining a permanent state of latency.
Limitations of current primary cell models of latency include the use of clonal HIV laboratory strains (59, 60) , reliance on different cytokine cocktails to drive cells into latency, or use of transduction vectors (55) . Here, we used expanded primary CD4 ϩ T cells from HIV-infected subjects carrying autologous virus, which returns to a resting state after 3 weeks in culture (Fig. 7) . In this model, cells spontaneously stop producing HIV particles but can be reinduced to produce virus after stimulation. Using this system, we confirmed our results obtained with primary CD4 ϩ T cells from virally suppressed individuals (Fig. 1) and extended the results to show that dCA blocks viral reactivation with the PKC activator prostratin (Fig. 7) . Most importantly, this system allowed us to demonstrate that dCA can block or at least significantly delay viral rebound upon ART discontinuation. These results suggest that a different set of epigenetic modifications is established at the HIV promoter when dCA promotes latency.
The most commonly explored strategy for HIV eradication is dubbed "kick and kill," which attempts to purge the viral reservoirs by using LRAs such as HDAC inhibitors, while simultaneously preventing additional rounds of infection by maintaining ART (87, 88) . This approach is based on the assumption that reactivation will prompt elimination of infected cells by cytopathic effects and/or lysis mediated by HIV-1-specific cytolytic T lymphocytes (89) . Despite an initial success using the HDAC inhibitor SAHA to reactivate the virus in several patients, the size of the viral reservoir was unchanged (87, 90) . Moreover, a recent study demonstrated that the barrier to cure has increased, as the latent reservoir size is believed to be 60-fold larger than previously estimated from the results of a viral outgrowth assay (35) . Given the stochastic nature of latent provirus reactivation, multiple activations would be required without the assurance of complete reactivation of the latent reservoir, a prerequisite to a sterilizing cure.
Our results highlight an alternative approach to the "kick and kill" strategy. In this model (Fig. 8) , a Tat inhibitor blocks the Tat feedback loop that is initiated after low-level basal reactivation and drives the viral promoter into more complete transcriptional inhibition. dCA treatment combined with ART would delay or halt viral replication, reactivation, and replenishment of the latent viral reservoir. Thus, the latent pool of cells in an infected individual would be stabilized, and death of the long-lived infected memory T cells could result in a continuous decay of this pool over time, possibly culminating in a sterilizing cure. It was previously demonstrated that the decay of the viral reservoir in patients with no "blips," or episodes of clinically detectable viremia, was faster than in patients with blips (6, 91) . These results argue that reducing low-level viremia and replenishment may reduce the half-life of the viral reservoir and reinforce the rationale for the inclusion of a Tat inhibitor in eradication strategies. Passaging of latently infected cells. Latently infected HeLa-CD4 cells were seeded at 1 ϫ 10 6 cells per 10-cm 2 culture dish. OM-10.1, ACH-2, and U1 cells were seeded at 1 ϫ 10 5 to 2.5 ϫ 10 5 cells/ml, and J-Lat clones were seeded at 5 ϫ 10 5 cells/ml. All cells were passaged every 3 days on average at the indicated concentrations of dCA or DMSO. OM-10.1, ACH-2, and U1 were grown also in the presence of ARVs (200 nM lamivudine, 200 nM raltegravir, 100 nM efavirenz) (Fig. 2B, 5A , and 6C and D).
MATERIALS AND METHODS

Cell
Latent viral reactivation. Latently infected HeLa-CD4 cells were treated with PMA (20 nM) and iono (2 M) for 24 h with 10 nM dCA or DMSO. ACH-2 and U1 were cultured for 15 days in the presence of ARVs and in the presence or absence of dCA at 10 nM (Fig. 6C and D) . At days 9 and 15, ACH-2 cells (5 ϫ 10 5 cells/ml) were activated for 24 h with SAHA (1 M) or TNF-␣ (10 ng/ml) or for 9 h with prostratin (5 M) in 100 nM dCA or DMSO. U1 cells were grown and activated similarly, with SAHA (2.5 M), TNF-␣ (10 ng/ml), or prostratin (1 M) for 24 h. OM-10.1 cells were grown and activated similarly at days 219 and 226 (Fig. 5A) . At day 0, J-Lat clones (5 ϫ 10 5 cells/ml) were activated with SAHA (1 M), TNF-␣ (10 ng/ml), or prostratin (1 M) for 24 h (Fig. 5B and C) . p24 production in the supernatant was determined in an ELISA.
Western blot analysis. Original uninfected HeLa-CD4 cells and latently infected HeLa-CD4 cells (treated either with DMSO or 10 nM dCA) were activated or not with PMA (20 nM) and iono (2 M) for 30 min. Cells were lysed (lysis buffer of 20 mM HEPES [pH 8.0], 100 mM KCl, 0.2 mM EDTA, 5 mM ␤-mercaptoethanol, 0.1% IGEPAL CA-630, 10% glycerol, 10 mM sodium fluoride, 1 mM sodium orthovanadate, and Complete EDTA-free protease inhibitor cocktail [Roche]), and the lysate was centrifuged at 18,000 ϫ g for 10 min at 4°C. The protein concentration in the supernatant was quantified with the Bio-Rad protein assay (catalog number 500-0006). Total protein extracts were separated by SDS-PAGE and transferred onto polyvinylidene difluoride membranes. Membranes were probed with an anti-␤-actin mouse monoclonal antibody (MAb) from Sigma (catalog number A5441) or MEK1/2 rabbit polyclonal Ab (9122), phospho-MEK1/2 (Ser217/221) rabbit polyclonal Ab (9121), p44/42 mitogen-activated protein kinase (MAPK; ERK1/2) mouse MAb (9107), or phospho-p44/42 MAPK (ERK1/2; Thr202/ Tyr204) rabbit MAb (4370) from Cell Signaling. The membranes were incubated in horseradish peroxidase-conjugated anti-mouse or antirabbit IgG goat polyclonal antibodies as secondary antibodies. Bands were visualized by using the enhanced chemiluminescence Western blotting system (Amersham).
Tat transfection. pGL4.74-Tat(101)-F-wt expressing Flag-tagged 101-amino-acid Tat was generated by PCR as previously described (48) . (2) The viral load sharply decreases to below the limit of detection (Ͻ50 copies/ml) during an ART regimen, but episodes of detectable viremia "blips" are commonly observed. Most of the infected cells remain latently infected, and if ART is discontinued (3), there is an immediate resurgence of virus correlating with CD4 ϩ T cell reactivation (4) . The addition of a Tat inhibitor such as dCA to an ART regimen could promote and maintain a state of latency, possibly allowing for ART interruption without viral rebound. dCA may also prevent reservoir replenishment. With time, patients may potentially observe a reduction in the size of the viral reservoir and relief from chronic inflammation caused by ongoing low-level virus production.
Viral load
ART
To reactivate the latent virus in HeLa-CD4 cells, 1 ϫ 10 6 cells were seeded and transfected 24 h later with 5 g of pGL4.74-Tat(101)-F-wt or the empty vector control in the presence or absence of 10 nM dCA. Viral production in the supernatant was quantified every 3 days via a p24 ELISA.
p24 ELISA. Quantification of HIV p24 capsid production was performed using the antigen capture assay kit from Advanced BioScience Laboratories, Inc. (catalog number 5447), according to the manufacturer's protocol.
RT-qPCR analysis of cell-associated RNA. Total RNA was prepared using the RNeasy kit (Qiagen). First-strand cDNA was prepared from total RNA with oligo(dT) using a SuperScript III kit (Invitrogen). RTqPCR was performed with the cDNA, using a LightCycler 480 SYBR Green I Master system (Roche). Analyses were performed in triplicate, and the mean RNA expression levels were normalized to viral mRNA expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). All reactions had a negative control in which no reverse transcriptase was added. The GAPDH reference gene was amplified using the primers 5=-GAPDH/3=-GAPDH. NL4-3 amplification (Vpr) was performed using the primers P10/P11 (see Table S1 in the supplemental material). OM-10.1, U1, ACH-2, and J-Lat clone cDNA analyses were performed using the primers GagPol-For/GagPol-Rev (see Table S1 ). IL-1␤ mRNA analysis was performed using the primers IL-1␤-For/IL-1␤-Rev (see Table S1 ).
Quantification of integration events. Genomic DNA (gDNA) was prepared from 2 ϫ 10 6 HeLa-CD4 or OM-10.1 cells by using the DNeasy blood and tissue kit (Qiagen). Integration events were quantified by AluGag PCR (Alu/P9) for HeLa-CD4 cells or Alu/GagPol-Rev cells for OM-10.1, followed by nested qPCR with P6/P8 or GagPol-For/GagPol-Rev, respectively (see Table S1 in the supplemental material). The cycling conditions for the Alu-PCR included an initial denaturation (94°C for 2 min), followed by 20 cycles of amplification (94°C for 20 s, 50°C for 10 s, and 65°C for 3.5 min) and a final elongation step (65°C for 7 min).
Mitochondrial metabolic activity assay. The assay for mitochondrial metabolic activity utilized 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and was performed in the presence of increasing concentrations of dCA according to the manufacturer's protocol (ATCC).
Chromatin immunoprecipitation assay. The chromatin immunoprecipitation (ChIP) assay was performed as previously described (48) with small modifications detailed here. Briefly, latently infected and dCAinduced latently infected HeLa-CD4 cells were grown in DMSO or 10 nM dCA, respectively. Positive and negative controls were generated, respectively, by exposing DMSO-treated cells to TNF-␣ (10 ng/ml) for 8 h or ␣-amanitin (5 g/ml) for 48 h. Cells were cross-linked with 1% formaldehyde. Pellets of 1 ϫ 10 7 cells were sonicated 18 times for 10-s bursts on ice to generate sheared chromatin of 200 to 500 nucleotides. The equivalent of 3 ϫ 10 6 cells was used for each IP assay with anti-RNAP II (catalog number 05-623; Millipore) or nonspecific rabbit immunoglobulin G (IgG; p120-301; Bethyl). The equivalent of 10% chromatin was saved as an input control. Immunoprecipitated DNA was eluted with elution buffer (20 mM Tris-HCl [pH 7.5], 5 mM EDTA, 200 mM NaCl, 1% sodium dodecyl sulfate) containing 1 mg/ml of proteinase K. Samples were incubated for 1 h at 42°C and then 2 h at 65°C. PK was inactivated at 95°C for 15 min. DNA samples were reverse cross-linked overnight at 65°C. After 1 h of RNase A treatment at 37°C, the DNA was purified by using PCR Clean (Promega). Primers used were Nuc-0 (P1/P2), Pro (P3/P4), Nuc-1 (P5/P7), and Vpr (P10/P11) (see Table S1 in the supplemental material). The GAPDH gene was used as the reference gene. The promoter and ORF of GAPDH were amplified using, respectively, GAPDH-Pro-For/ GAPDH-Pro-Rev and GAPDH-ORF-For/GAPDH-ORF-Rev (see Table S1 ). Input (10%) was used to standardize the values obtained. The relative proportions of coimmunoprecipitated DNA fragments were determined on the basis of the threshold cycle (C T ) for each qPCR product. The data sets were normalized to input values {percent input ϭ 2[C T (input) Ϫ C T (IP)] ϫ 100}. The average value of the IgG background for each primer was subtracted from the raw data.
Bisulfite conversion and quantification of methylated cytosine. gDNAs were extracted using the DNeasy blood and tissue kit (Qiagen) from 5 ϫ 10 6 latently infected HeLa-CD4 cells treated with DMSO or dCA for 178 days (Fig. 2A) or from cells acutely infected with HIV NL4-3 for 3 days. gDNA (4 g) was digested overnight at 37°C with 60 units of EcoRV, SpeI, and SalI. After gel purification, 400 ng of the digested gDNA was used for bisulfite conversion of the cytosines by using the MethylCode bisulfite conversion kit (Invitrogen) following the manufacturer's protocol. The region containing CpG islands 1 and 2 was amplified by PCR in triplicate to avoid the selection of a unique clone. Bisulfite-converted DNA (1 l) and the following cycling conditions were used: an initial denaturation (95°C for 10 min), followed by 40 cycles of amplification (95°C for 30 s, 55°C for 60 s, and 72°C for 60 s), and a final elongation step (72°C for 10 min) and using the primers B1/B4. Triplicates were pooled. A nested PCR in triplicate to amplify individually each CpG was performed using the same cycling conditions and the primers B1/B2 (CpG1) and B3/B4 (CpG2) (see Table S1 in the supplemental material). Resulting single-banded PCR products of each triplicate sample were pooled and TOPO cloned using the TOPO TA cloning kit (Invitrogen). Nine clones for each condition were submitted for sequencing using standard M13F and M13R primers (Operon). Only PCR clones with at least 95% conversion of cytosines outside CpGs were taken into account.
HIV-infected subjects. Nine HIV-seropositive patients on stable suppressive ART for at least 3 years were enrolled in this study. All subjects signed informed consent forms approved by the Oregon Health and Science University and the Martin Memorial Health Systems (Stuart, FL) or by the Royal Victoria Hospital and the CR-CHUM Hospital (Montreal, Quebec, Canada) review boards. All patients underwent leukapheresis to collect large numbers of PBMCs.
Viral reactivation from CD4 ؉ T cells isolated from virally suppressed subjects. In an effort to assess the effect of dCA on latency, we selected patient samples with CD4 ϩ T cells that did not display detectable levels of spontaneous viral production when cultured in vitro but which robustly released virus upon antigenic stimulation. Total CD4 ϩ T cells were isolated from PBMCs of nine virally suppressed subjects by using magnetic bead-based negative selection (StemCell Technologies). Isolated CD4 ϩ T cells (5 ϫ 10 6 cells per well) were cultured in the presence of ARVs (100 nM efavirenz, 180 nM zidovudine, 200 nM raltegravir). Cells were stimulated with Dynabeads human T-expander CD3/CD28 (Invitrogen) at a concentration of one bead per cell in the presence or absence of dCA (100 nM). Medium was harvested every 3 days for quantification of viral particles and replaced with fresh medium containing ARVs and dCA when appropriate. Freshly collected cell culture supernatants were centrifuged for 1 h at 25,000 ϫ g to pellet HIV particles. Viral RNA at day 6 was extracted using the Qiamp viral RNA kit (Qiagen) and quantified using an ultrasensitive seminested real-time RT-qPCR with a detection limit of a single copy of HIV RNA. Extracted viral RNA was reverse transcribed and subjected to 16 cycles of amplification with the primers O1/O2. Preamplified products were diluted and subjected to a nested real-time PCR for 40 cycles on a Rotor-Gene Q apparatus and using the primers O3/O4 and probe (see Table S1 in the supplemental material). In all experiments, serial dilutions of HIV particles (LAI strain) in culture medium were processed in parallel with experimental samples. A paired Student's t test was performed to test for statistical significance (Fig. 1) .
Generation of expanded CD4 ؉ T cells from subjects A and B. We expanded primary CD4 ϩ T cells from two successfully treated donors, subjects A and B (Fig. 1) after at least 3 years on ART. For that, 50 ϫ 10 6 PBMCs previously collected were thawed, and sorted CD4 ϩ T cells were initially expanded with 1 g/ml of PHA, 100 U/ml of IL-2, irradiated feeder PBMCs, and either ARVs alone or ARVs plus 100 nM dCA in medium supplemented with human serum for 22 days. After 7 days, the cells were cultured only with IL-2 and the indicated drugs. At day 22, CD4 ϩ T cells were split into 6 groups for 6 different conditions and either stimulated with 1 M prostratin or nonstimulated, treatment stopped (TS), or continued for an additional 6 days before measuring HIV RNA viral production by ultrasensitive RT-qPCR in the supernatant. Cell viability was monitored weekly using trypan blue dye exclusion staining.
Statistical analysis. Statistics were performed with GraphPad Prism, and a P value of Յ0.05 was considered significant for all comparisons. The two-tailed paired Student's t test was used when applicable. In Fig. 2D and  6A and B, data were normalized for each point to 100% of the DMSO control and are reported as the means Ϯ standard deviations (SD) of three independent experiments (n ϭ 3). Comparisons between data from vehicle-and dCA-treated cell lines were performed using a two-way analysis of variance (ANOVA) repeated-measures test. The Bonferroni correction was used for post hoc analysis.
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